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We present and apply a new method to measure directly weak magnetization in thin films. The
polarization of a neutron beam channeling through a thin film structure is measured after exiting
the structure edge as a microbeam. We have applied the method to a tri-layer thin film structure
acting as a planar waveguide for polarized neutrons. The middle guiding layer is a rare earth based
ferrimagnetic material TbCo5 with a low magnetization of about 20 mT. We demonstrate that the
channeling method is more sensitive than the specular neutron reflection method.
PACS numbers: 3.75.Be, 68.49.-h, 68.60.-p, 78.66.-w
Magnetic nanomaterials are widely used in practical
applications and in fundamental physics. Therefore the
development of new methods providing enhanced sensi-
tivity for the characterization of their magnetic proper-
ties is a challenge. One of the well-established methods
for magnetic thin films and nanostructures characteriza-
tion is the Polarised Neutron Reflectometry (PNR) tech-
nique [1]. Its strength is the unique ability to probe the
magnitude and the direction of the magnetization vec-
tor as a function of the depth in magnetic heterostruc-
tures. For collinear spin configurations, the PNR method
resolves the depth dependence of the scattering length
densities (SLD) ρ(z) which depends on the neutron po-
larization: ρ±(z) = ρ0(z)± cB(z). Here ρ0(z) and B(z)
are the depth profiles of the nuclear SLD and the mag-
netic induction. By measuring reflectivities of spin-up
and spin-down neutrons and fitting them to theoretical
values one can extract the SLD depth profile and the
depth dependence of the induction in a film. The method
is routinely used for the characterization of ferromagnetic
systems with rather high magnetization (about 0.3 - 2 T).
Being a model dependent method it leads to the non-
uniqueness of the resulting set of parameters describing
the system. As a result, the accuracy of the fitted param-
eters depends both on the adequacy of a model and on
the quality of the experimental data. For systems with
weak magnetization (∼ 10 mT), PNR requires very long
measurement times (∼ 102 hours) in order to achieve
sufficient statistics. This is usually not compatible with
standard neutron reflectometry experiments.
Weak magnetizations, typically less than 100 mT,
are characteristic of ferrimagnetic materials or magnetic
oxides. Magnetic materials such as Fe3O4, CoFe2O4,
BiFeO3, GaFeO3, Bi3Fe5O12, NiCoMnAl are being in-
creasingly studied because of their specific properties, ei-
ther their electronic properties [2], their magneto-electric
properties [3], their magneto-optical [4] or their magneto
caloric properties [5]. The study of these materials is of-
ten limited by the weakness of the magnetic interfacial
effects that are of interest. While XMCD [6] is a very sen-
sitive technique to probe surface magnetism, it is some-
times rather difficult to apply to complex heterostruc-
tures as used in spintronic devices. Also, the XRMS [7]
technique cannot access thicker layer structure because
the soft x-ray penetration depth is on the order of 30
nm. The modelling of the XMCD and XRMS can also
be rather complex in these non-metallic materials.
In this letter, we demonstrate that neutron channel-
ing is a potentially new method to probe weak ferri- or
ferromagnetic thin film structures.
The neutron channelling method both enhances the
sensitivity to weak magnetization and reduces the model
dependency. In order to perform a neutron channelling
measurement, the weak magnetic layer B has to be sand-
wiched between two layers A and C with a higher SLD
in order to form a resonator structure [8,9] (see Fig. 1a).
Below the critical edge at the resonance conditions the
neutron wave function density is resonantly enhanced in
the channelling layer B [10] and hence all the neutron
interactions such as the spin-flip cross section [11], the
diffuse scattering [12,13], alpha-particles [14] or gamma-
quanta [15] emission.
Let rBA(BC) be the complex reflection amplitudes of
the tunnelling layer and of the reflector layer, from in-
side out. Let kB =
√
k20 − u± µB be the normal com-
ponent of neutron wave-vector in the investigated layer
of thickness d. The complex reflection coefficients can be
calculated numerically based on the parameters of the
reflector layer, the tunnelling layer, and of the resonant
layer. Within a weak magnetization approximation, their
dependence on the magnetic induction can be neglected.
The resonance condition is given by
arg(rBA) + arg(rBC) + 2kBd = 2pin (1)
Where rBA and rBC are the complex reflection am-
plitudes from the complete structures to the left and to
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Fig. 1: (a) The SLD depth profile of the investigated 
waveguide structure. (b) Geometry of the experiment: I0 is 
incident polarized neutron beam, WG is the waveguide, I is 
the guided microbeam outgoing from the sample edge, D is 
a position-sensitive detector. 
 
[12,13], alpha-particles [14] or gamma-quanta [15] 
emission.  
Let )(BCBAr  be the complex reflection amplitudes of 
the tunnelling layer and of the reflector layer, from 
inside out. Let BukkB  20  be the normal 
component of neutron wave-vector in the investigated 
layer of thickness d. The complex reflection 
coefficients can be calculated numerically based on the 
parameters of the reflector layer, the tunnelling layer, 
and of the resonant layer. Within a weak magnetization 
approximation, their dependence on the magnetic 
induction can be neglected. The resonance condition is 
given by     ndkrr BBCBA 22argarg         (1) 
 
Where BAr  and BCr are the complex reflection 
amplitudes from the complete structures to the left and 
to the right of the resonant layer, respectively. From 
(1) it follows that if the channelling layer has a non-
zero magnetization,   BB kk  and hence the 
resonances for spin-up and spin-down neutrons are 
split. The splitting value     222   resresres kkk   is 
proportional to the induction B: 
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Contrary to standard reflectivity where the measured 
signal is the specular reflectivity, in a channelling 
measurement, the measured intensity is the neutron 
flux exiting the edge of the sample out of the channel 
(along the horizon) (see Fig. 1b). The experimental 
measurement consists in measuring the neutron flux as 
a function of the incidence angle on the waveguide 
structure. The theory of neutron channeling was 
developed in [16]. Experimentally, the phenomenon of 
neutron channeling was observed in [8,17,18] and the 
channelling length was measured experimentally in 
[19,20]. It has also been demonstrated that it may be 
used for production of unpolarised [21] and polarised 
[22,23] neutron microbeams, which was used for the 
investigation of amorphous magnetic wires [24,25]. 
In this communication, we compare the magnetic 
characterization of a planar waveguide with a weakly 
ferrimagnetic guiding layer by two methods: polarized 
neutron reflectometry (PNR) and polarized neutron 
channeling (PNC).  We take as an example the 
compound TbCo5 which is a ferrimagnet that has a 
saturation magnetization of about 22 mT at room 
temperature [26]. This material is attractive for its use 
in 'hard - soft ferrimagnetic' spin-valve systems and for 
the development of ultrafast magnetic switching 
devices [27]. 
The investigated TbCo5 layer with relatively small 
nuclear SLD is placed between NiCu layers having 
high SLD to create a waveguide structure (Fig. 1a). 
The sample structure is 
Ta(3 nm)/Ni0.67Cu0.33(15nm)/TbCo5(150nm)/Ni0.67Cu0.3
3(50nm)//Si(substrate). It was grown on thermally 
oxidized Si substrates by using the magnetron 
sputtering technique. The base pressure in the 
MAGSSY sputtering chamber was tuned to be lower 
than 5·10−9 mbar. The partial Ar pressure during 
growth was set to a value of 1.5·10−3 mbar. During 
preparation, the substrates were kept at room 
temperature in order to avoid any additional thermal 
inter-diffusion at the interfaces. The Tantalum layer on 
the top protects the structure against oxidation.  
The neutron experiments were carried out at the 
polarized neutron reflectometer NREX (reactor FRM 
II, TUM, Garching, Germany) at a fixed wavelength 
 = 4.26 Å (/ = 1.5 %) and with an horizontal 
sample plane. The angular divergence of the incoming 
beam was adjusted by two slits before sample 
(separated by a distance of 2000 mm). For the 
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the right of the resonant layer, respectively. From (1) it
follows that if the channelling layer has a non-zero mag-
netization, k+B > k
−
B and hence the reson nces for spin-
up and spin-down neutrons are split. The splitting value
∆k2res = (k
+
res)
2−(k−res)2 is proportional to the induction
B:
∆k2es =2µB − {
1
4
[arg(r+BAr
+
BC)
2 − arg(r−BAr−BC)2]
− [arg(r+BAr+BC)− arg(r−BAr−BC)]pin}/d2
=2µB +O[arg(rBArBC ]
(2)
Contrary to standard reflectivity where the measured
signal is the specular reflectivity, in a channelling mea-
surement, the measured intensity is the neutron flux ex-
iting the edge of the sample out of the chan el (along
the horizon) (see Fig. 1b). The experimental measure-
ment consists in measuring the neutron flux as a function
of the incidence angle on the waveguide structure. The
theory of neutron channeling was developed in [16]. Ex-
perimentally, the phenomenon of neutron channeling was
observed in [8,17,18] and the channelling length was mea-
sured experimentally in [19,20]. It has also been demon-
strated that it may be used for production of unpolarised
[21] and polarised [22,23] neutron microbeams, which was
used for the investigation of amorphous magnetic wires
[24,25].
In this communication, we compare the magnetic char-
acterization of a planar waveguide with a weakly ferri-
magnetic guiding layer by two methods: polarized neu-
tron reflectometry (PNR) and polarized neutron channel-
ing (PNC). We take as an example the compound TbCo5
which is a ferrimagnet that has a saturation magnetiza-
tion of about 22 mT at room temperature [26]. This ma-
terial is attractive for its use in ’hard - soft ferrimagnetic’
spin-valve systems and for the development of ultrafast
magnetic switching devices [27].
The investigated TbCo5 layer with relatively
small nuclear SLD is placed between NiCu lay-
ers having high SLD to create a waveguide
structure (Fig. 1a). The sample structure
is Ta(3 nm)/Ni0.67Cu0.33(15 m)/TbCo5(150nm)
/Ni0.67Cu0.33(50nm) //Si(subs ate). It was ro n on
thermally oxidized Si substrates by using the magnetron
sputtering technique. The base pressure in the MAGSSY
sputtering chamber was tuned to be lower than 5x10−9
mbar. The partial Ar pressure during growth was set
to a value of 1.5x10−3 mbar. During preparation, the
substrates were kept at room temperature in order
to avoid any additional thermal inter-diffusion at the
interfaces. The Tantalum layer on the top protects the
structure against oxidation.
The neutron experiments were carried out at the po-
larized neutron reflectometer NREX (reactor FRM II,
TUM, Garching, Germany) at a fixed wavelength λ =
4.26 A˚(δλ/λ = 1.5 %) and with an horizontal sample
plane. The angular d vergence of the incoming be m was
adjusted by two slits before sample (separated by a dis-
tance of 2000 mm). For the reflectometry (respectively
the channelling experiments), the width of both slits were
set to 1 mm (respectively 0.2 mm), thus providing an an-
gular divergence of the incident beam of δαi = 0.5 mrad
(respectively 0.1 mrad). Two single magnetic supermir-
rors with a polarizing efficiency of 99% in transmission
mode were used as the polarizer and the analyzer. The
scattered neutrons were measured with a 200x200 mm2
two-dimensional 3He position-sensitive detector with a
spatial resolution of 3 m placed at a distance 2400 mm
from the sample position. The experiment was performed
at T = 300 K in a magnetic field µ0H = 0.45 T applied
parallel to he surface and normal to the catteri g plane.
In Fig. 1b, the eometry of the experiment is shown
schematically. The incident neutron beam of inte sity
I0 enters the surface of the waveguide (WG) under a
glancing angle αi . Neutrons tunnel through the thin
upper layer into the guiding layer (or channel) of width
d, are reflected from the bottom thick layer and chan-
nel in the guiding layer in the direction parallel to the
sample surface. The neutron wave density is resonantly
enhanced for some specific incident glancing angles αi,n
, where n = 0, 1, 2, ... is the resonance order. The neu-
trons channel inside the guiding layer over a distance of
several millimetres (which corresponds to the channeling
length ξe) and l ave the channel end as a micr beam of
intensity I. The angular divergence of th microb am
δαf is defined by the Fraunhofer condition of diffraction
on a narrow slit which is the exit of the channel of width
3d. For a neutron wavelength λ, the angular divergence of
the microbeam is δαf ∼ λ/d . The microbeam intensity
is recorded by a position-sensitive detector (D) around
the direction of the sample plane (sample horizon).
The PNR curves (Fig. 2a) were measured under a
magnetic field of 0.45 T in the range of momentum trans-
fers Q = 0.06 ÷ 1 (nm−1). The two non-spin-flip R++
and R−− reflectivities were measured within 12 hours.
The non spin-flip signals show a weak spin asymmetry
A = (R++ − R−−)/(R++ + R−−) which is smaller than
0.1 (Fig. 2b). No measurable signal was detected in the
spin-flip channels which confirms that the sample was
fully saturated. The fit of the PNR curves led to the
SLD profile shown in Fig. 1a). The measured spin asym-
metry of the NSF channels can be reproduced with an
induction B = 20 mT, but the fit procedure may lead
also to significantly different results.
reflectometry (respectively the channelling 
experiments), the width of both slits were set to 1mm 
(respectively 0.2 mm), thus providing an angular 
divergence of the incident beam of αi  = 0.5 mrad 
(respectively 0.1 mrad). Two single magnetic 
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the sample surface. The neutron wave density is 
resonantly enhanced for some specific incident 
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resonance order. The neutrons channel inside the 
guiding layer over a distance of several millimetres 
(which corresponds to the channeling length ex ) and 
leave the channel end as a microbeam of intensity I. 
The angular divergence of the microbeam f  is 
defined by the Fraunhofer condition of diffraction on a 
narrow slit which is the exit of the channel of width d. 
For a neutron wavelength λ, the angular divergence of 
the microbeam is df /~  . The microbeam 
intensity is recorded by a position-sensitive detector 
(D) around the direction of the sample plane (sample 
horizon). 
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smaller than 0.1 (Fig. 2b). No measurable signal was 
measured in the spin-flip channels what confirms that 
the sample was fully saturated. The fit of the PNR 
curves led to the SLD profile shown in Fig. 1a). The 
measured spin asymmetry of the NSF channels can be 
reproduced with an induction B = 20 mT, but the fit 
procedure may lead also to significantly different 
results  
 
 
Fig. 2. (a) Experimental (dots) and model (solid line) 
reflectivity for '--' channel. (b) Experimental (dots) and 
model (solid line) neutron spin asymmetry. 
 
 
 
Fig. 3. Neutron microbeam intensity for spin states ‘++’ 
(squares) and ‘--‘ (circles) as a function of the incidence 
glancing angle at the applied magnetic field: (a) 0.10; (b) 
0.34 and (c) 0.45 T. (d) Splitting of the resonance glancing 
angles as a function of the magnetic induction (the line is 
calculation and the symbols are experiment). 
 
In a second experiment, the neutron channelling signal 
was measured. The neutron microbeam intensity of the 
resonance n=0 extracting background level is 
presented in Fig. 3a-с as a function of the incidence 
glancing angle (closed symbol for '++' and open 
symbols for '--'). The signal/background ratio is 
about 3. 
FIG. 2: (a) Experimental (dots) and model (solid line) reflec-
tivity for -´-c´hannel. (b) Experimental (dots) and model (solid
line) neutron spin asymmetry.
In a second experiment, the neutron channelling signal
was measured. The neutron microbeam intensity of the
resonance n = 0 extracting background level is presented
in Fig. 3a-c as a function of the incidence glancing angle
(closed symbol for ’++’ and open symbols for ’−−’). The
signal/background ratio is about 3.
The error bars for the field 0.45 T (Fig. 3c) are smaller
than the symbol size. One can see that the angular
splitting of the resonance peaks for ’++’ and ’−−’ mi-
crobeams is well defined for the fields 0.35 T and 0.45
T. For example, for the external filed 0.45 T (Fig. 3c)
providing a magnetically saturated state for the layer, it
is possible to precisely fit the positions of the resonance
incidence angle α+i0 = 4.04 mrad and α
−
i0 = 3.98 mrad
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FIG. 3: (a) Neutron microbeam intensity for spin states
+´+(´squares) and -´-´(circles) as a function of the incidence
glancing angle at the applied magnetic field: (a) 0.10; (b)
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with accuracy bett r than 0.001 mrad. Based on these
angles, it is possible to estimate the value of th mag-
netic induct on B by writing the equati n (2) as function
of the reson t grazing angles:
B =
~2
4µm
(
2pi
λ
)2[sin2(α+i0)− sin2(α−i0]−O[arg(rBArBc]
(3)
where ~ is the Plank’s constant, m is the neutron mass,
λ is the wavelength of the neutrons, and µ is the neutron
magnetic moment.
The result is B = 19.53 mT when neglecting the argu-
ment factors O[arg(rBArBC ]. Using the calculated argu-
ments, the result becomes: B = 19.56 mT. As a conse-
quence, by neglecting completely the argument factors,
the value of the magnetic induction is determined within
a 10−3 precision.
The calculated difference of squared sinuses of the reso-
nance angles as a function of B is presented in Fig. 3d as
a solid line. The symbols corresponds to the experimen-
tal values of the microbeam peaks positions. The error
bars were defined by the peaks positions fitting. The
extracted experimental value of B is in agreement with
previous measurements by SQUID magnetometer[26]. In
addition to the saturation state we have also measured
the resonance splitting for intermediate magnetic states
which occur during the magnetization reversal for exter-
nal fields of 0.1 T and 0.34 T. These data does further
demonstrate the direct sensitivity of the method to the
averaged weak magnetization values.
4In conclusion, we propose to use another method for
measuring of the absolute values of the magnetization of
thin films. The method is based on the measurement of
the difference of resonance positions for channeled spin-
up and spin-down neutrons through a waveguide system
with the investigated magnetic film in the middle. Com-
pared to conventional PNR [28], the method does not
require any modeling of the data and hence is more ro-
bust. It is also very accurate (0.1 mT resolution).
In the specular reflection below the critical angles, the
spin asymmetry does not exhibit a sizable finite value be-
cause of flux conservation. On the other hand, in the case
of the neutron channeling effect, there are two factors of
neutron interaction enhancement:
• At the resonances, the time of neutron interaction
with matter is increased due to multiple reflections
inside the resonator in the direction perpendicular
to the sample surface.
• The critical condition for the resonances is different
for the ’+’ and ’-’ spin states which is very sensitive
to the magnetization absolute value.
The studied system was in a state where the magneti-
zation was collinear with the applied field for the high-
est applied external field. In the case of non-collinear
magnetization which most likely occurs for the inter-
mediate magnetic states, one would have to apply po-
larization analysis to resolve the spin orientations, tak-
ing carefully into account polarization imperfections of
the polarizer and analyzer. This may lead to rather
critically small signal/background ratios which may re-
quire higher neutron flux for obtaining quantitative re-
sults. Nevertheless, spin-flipped neutrons in resonators
were observed in model experiments [6,8,9] and were used
for the investigations of proximity effect in ferromag-
netic/superconductor system [29]. One may also reduce
the background by using the beam-splitting effect in ex-
ternal fields for non-collinear arrangements. For exam-
ple, in [5,6,30] beam-splitting was used to observe stand-
ing waves in off-specular region with higher ratio sig-
nal/background. In [24,25] a ratio signal/background≈10
for the microbeam outgoing from a planar waveguide.
Thus, the method of polarized neutron channeling can be
used for the investigations of weak magnetism (collinear
or non-collinear) in thin films.
Concluding, a tri-layer waveguide structure with
weakly magnetic guiding layer TbCo5 was studied us-
ing polarized neutron channeling. Due to the resonant
nature of the neutron channeling and the magnetic split-
ting of the resonances, the polarized neutron microbeam
method is more sensitive than the polarized neutron re-
flectometry. Thus, the neutron channeling can be used
as a new method for the investigation of weakly magnetic
layers with magnetization on the order of 10 mT.
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